The crystal structure of subunit F of vacuole-type ATPase/ synthase (prokaryotic V-ATPase) was determined to of 2.2 Å resolution. The subunit reveals unexpected structural similarity to the response regulator proteins that include the Escherichia coli chemotaxis response regulator CheY. The structure was successfully placed into the low-resolution EM structure of the prokaryotic holo-VATPase at a location indicated by the results of crosslinking experiments. The crystal structure, together with the single-molecule analysis using fluorescence resonance energy transfer, showed that the subunit F exhibits two conformations, a 'retracted' form in the absence and an 'extended' form in the presence of ATP. Our results postulated that the subunit F is a regulatory subunit in the V-ATPase.
Introduction
The vacuole-type ATPase/synthases (V-ATPases) are commonly found in many organisms involved in a variety of physiological processes (Nishi and Forgac, 2002) . V-ATPases in eukaryotic cells (eukaryotic V-ATPases) translocate protons across the membrane consuming ATP. They reside within intracellular compartments, including endosomes, lysosomes, and secretory vesicles, and within plasma membranes of certain cells including renal intercalated cells, osteoclasts, and macrophages. V-ATPase and F-type ATPase/ synthase (F-ATPase) are evolutionarily related and share a similar rotary mechanism, coupling ATP synthesis/hydrolysis and proton translocation across the membrane (Boyer, 1993; Forgac, 2000; Yoshida et al, 2001; Imamura et al, 2003; Yokoyama et al, 2003b) . However, these two types of ATPases also show significant differences. For example, reversible association/dissociation of the V 1 domain (soluble) and the V 0 domain (membrane bound) in eukaryotic V-ATPase is a unique regulatory mechanism not found in the F-ATPase (Parra and Kane, 1998; Kane and Parra, 2000; Nishi and Forgac, 2002) . The subunit composition and structure in the stalk region of V-ATPase, which connects the V 0 and V 1 domains, is suggested to be significantly different from that of the F-ATPase (Iwata et al, 2004 ) ( Figure 1A ). Therefore, this region is possibly responsible for the association/dissociation of the complex.
Eukaryotic V-ATPase-like proteins are found in some prokaryotic cell membranes and are here referred to as prokaryotic V-ATPases (Yokoyama et al, 1990 (Yokoyama et al, , 1994 Murata et al, 1997) . Bacterial V-ATPases, particularly those from archaea, are sometimes also called A-type ATPases (A-ATPase) (Müller and Grü ber, 2003) . The prokaryotic V-ATPase from Thermus thermophilus, which lacks an F-ATPase, is solely responsible for aerobic ATP synthesis (Yokoyama et al, 1998) . The T. thermophilus prokaryotic V-ATPase is composed of nine different subunits that are arranged within the atp operon in the order G-I-L-E-C-F-A-B-D, with gene products of 13, 71, 8, 20, 35, 12, 64, 54 , and 25 kDa molecular weight, respectively (Yokoyama et al, 2000 (Yokoyama et al, , 2003a . The ATPase-active V 1 domain is composed of four subunits with a stoichiometry of A 3 B 3 D 1 F 1 . The V 0 domain, which is involved in proton translocation across the membrane, is an assembly consisting of subunits G, I, L, E, and C (Yokoyama et al, 2003a) . Each T. thermophilus prokaryotic V-ATPase subunit shows a sequence similarity to its eukaryotic counterpart. Subunit C, an essential component, shows rather low (18%) but significant sequence similarity to subunit D of the yeast enzyme (Yokoyama et al, 2003a; Iwata et al, 2004) . This subunit is part of the V-ATPase central stalk (Iwata et al, 2004) , and has no counterpart in F-ATPases ( Figure 1A ). Subunit F, which is also known as Vma7p after the name of the yeast protein, is important not only for the ATPase activity of the V-type enzyme but also for the association of the V 1 domain with the V 0 domain (Graham et al, 1994) . Subunit F of the T. thermophilus prokaryotic V-ATPase also shows an apparent sequence similarity to its eukaryotic counterpart (Yokoyama et al, 2003a ) ( Figure 1B ).
For instance, the T. thermophilus subunit F shows 23.5% identity and 40.9% similarity to its yeast counterpart ( Figure 1B ). Although subunit F had been proposed to have a similar function and structure as that of the e subunit, a regulatory subunit of F-type ATPase, the structure and function of subunit F had not been well understood up to now.
Here, we present the 2.2 Å resolution structure of protein F, a subunit from the T. thermophilus prokaryotic V-ATPase, and discuss its possible function based on the crosslinking experiments and single-molecule analysis using fluorescence resonance energy transfer (FRET).
Results and discussion
Subunit F structure The structure of subunit F was solved by multiple anomalous dispersion (MAD) using a Se-Met-containing protein, and was refined to 2.2 Å resolution (see Materials and methods). There are six subunit F molecules with 109 amino-acid residues each in the asymmetric unit. Data collection and refinement statistics are summarized in Table I . An example of typical electron density found in the map is shown in Figure 2A . In the crystals, the molecules exist as a dodecamer that is composed of two asymmetric-unit hexamers related by a crystallographic two-fold axis. The dodecamer can be split into six dimers that are almost identical. These are domainswapped dimers of monomers in the extended form, which are related by a noncrystallographic two-fold axis (Figure 2B and C) . This dimer has an elongated shape with dimensions of 30 Â 35 Â 70 Å . The N-terminal domain of the monomer (residues 1-70) is composed of an a/b fold with three b strands (b1-3) and three a-helices (a1-3). It is connected by a flexible loop (residues 71-74) ( Figure 2B ) to the C-terminal domain (residues 75-109), composed of one b strand (b4) and one short (a4) and one long (a5) a helix. The density for the flexible loop (residues 71-74) is more disordered than in other regions. The first three strands (residues 5-11 (b1), Figure 1 (A) Schematic models of the prokaryotic V-ATPase from T. thermophilus and the prokaryotic F-ATPase from E. coli. The V 1 and F 1 domains are colored in blue, and the F 0 and V 0 domains are in brown. (B) Sequence alignment of subunit F from the prokaryote T. thermophilus and the eukaryotic yeast Saccharomyces cerevisiae, with secondary structure from our T. thermophilus structure. The sequence alignment was performed using program water of EMBOSS (Rice et al, 2000) . Identical residues in this alignment are enclosed by thick rectangles. Identity 23.5%, similarity 40.9%, and gaps 18.3% were shown in this alignment. Sequence numbering is for T. thermophilus. THETH, T. thermophilus; SACCE, S. cerevisiae. 
. F PH and F P are defined above, and F H(calc) is the calculated heavy atom structure factor. Summation was carried out by using centric reflections only. 24-28 (b2) , and 48-53 (b3)) from one monomer and one strand (residues 74-79 (b4)) from another monomer form a b sheet with a parallel conformation. The N-terminal domain (residues 1-70) of one monomer in the dimer forms a globular fold together with the C-terminal domain (residues 75-109) of another monomer. It has been suggested that the subunit stoichiometry of V 1 complex is A 3 B 3 D 1 F 1 (Murata et al, 1999; Xu et al, 1999) . Single-pair FRET experiments also strongly support this idea as described later. Thus, it is probable that the dimer in the crystal is a crystallization artifact. However, this still leaves the possibility that the monomeric subunit F in the prokaryotic V-ATPase complex either exists in the extended form (extended subunit F; left in Figure 2D ) found in the crystal or in the retracted form (retracted subunit F; right in Figure 2D ), where the complex is formed by the N-terminal domain (residues 1-70, a1-3 and b1-3) from one monomer (colored in green in Figure 2B and C) and the C-terminal domain (residues 75-109, a4-5 and b4) from the other monomer (colored in magenta in Figure 2B and C). These conformations could be interchangeable depending on the conformation of the flexible loop (residues 71-74). As will be discussed below, the single pair FRET study shows that subunit F exists mainly in the retracted form in the complex, but can undergo a conformational change to the extended form during ATP hydrolysis.
Comparison of structures of subunit F and CheY
The retracted form of subunit F has a flat spherical shape with dimensions of 30 Â 35 Â 40 Å . It has a four-stranded parallel b-sheet (b1-4) as a core that is surrounded by four long and one short a helices (a1-a5). The last b strand (b4) and the last two helices (a4 and 5) are detached from the rest of the structure in the extended subunit F structure as discussed above ( Figure 2C ).
The structure of the retracted subunit F was shown to have a striking similarity to the structure of CheY (Stock et al, 1989; Lee et al, 2001a, b) and related regulator proteins (for example, Spo0A) (Lewis et al, 2000) using the Dali database (Holm and Sander, 1996) , although there is no apparent sequence similarity between subunit F and these regulator proteins. CheY is the chemotaxis regulator protein from Escherichia coli that is activated through the phosphorylation of an Asp-57 residue by the CheA protein (Falke et al, 1997; Lee et al, 2001a) . It is then inactivated through self-dephosphorylation or by the CheZ protein (Silversmith et al, 2003) . In its activated state, phospho-CheY interacts with the flagella motor subunit FliM, causing a reversal in the direction of rotation from counter-clockwise to clockwise, which in turn causes the cell to tumble. Figure 3A and B compares the structures of CheY and the retracted subunit F. The two structures can be superimposed with a root-mean-square (r.m.s.) deviation of 2.0 Å for 49 C a atoms. In the structure of CheY, strand b5 and helix a4, which form the binding site for FliM, are inserted after strand b4 ( Figures 2C and 3A) .
Another interesting similarity is observed between the phosphorylation site of CheY (Asp-57 and surroundings) and the equivalent site on subunit F. The structure of the CheY phosphorylation site has been studied using a BeF 3 À activated protein (Lee et al, 2001a, b) . In this structure, Asp-57 binds BeF 3 À and an Mg 2 þ ion, which are surrounded by residues Asp-13, Thr-87, and Lys-109 ( Figure 3C ). The activation signal induced by the phosphorylation of Asp-57 can be transmitted to the FliM-binding site through residues Thr-87 and Lys-109. In the structure of the subunit F, residues Asp-53, Asp-11, and Lys-83, which are at the equivalent positions to Asp-57, Asp-13, and Lys-109 of CheY, form a site ('Active site') similar to the phosphorylation site of CheY ( Figure 3D ). Residue Lys-83 of subunit F is located on helix a4 within the C-terminal domain, which is detached from the N-terminal domain in the extended subunit F structure (Kraulis, 1991) , Bobscript (Esnouf, 1997) , and Raster3D (Merritt and Murphy, 1994) unless noted otherwise.
( Figure 2C ). Within the six subunit F molecules in the asymmetric unit, which are in slightly different environments, Lys-83 on two of the subunits is hydrogen bonded to Asp-13, while the other four subunits do not have this hydrogen bond. This suggests that this hydrogen bond is not permanent and its formation could be regulated by a ligand binding to the 'active site'. The hydrogen bond could be the key for the conformational change between the extended and retracted forms of the subunit F. The equivalent residues, Lys-83 and Asp-11 in subunit F of T. thermophilus, are well conserved among subunit F of eukaryotic V-ATPase according to the Pfam database (Bateman et al, 2004) (Supplementary  Figure 3) . This strongly suggests that eukaryotic subunit F forms a similar 'active site', which might play an important role in the regulatory mechanism of V-ATPase due to phosphorylation of the carboxyl residue or binding of small molecules. The ligand could be a small molecule or a protein subunit of the V-ATPase. This is the case in the equivalent CheY site, which serves as the docking site to CheA and CheZ (Zhao et al, 2002) . We have tried soaking and cocrystallization experiments with the following compounds, but no binding was observed in the crystal:
. Some prokaryotic subunit F lacks the equivalent lysine residue (Supplementary Figure 3) . These prokaryotic V-ATPases might have lost the regulatory mechanism at this 'active site' of the subunit F during evolution.
Single-pair FRET analysis of subunit F conformation FRET is a physical phenomena that occurs as a result of the long-range dipole-dipole interactions between fluorescent dyes (Lakowicz, 1999) . The efficiency of FRET depends on the extent of spectral overlap between the emission and absorption spectra of the donor and acceptor dye, respectively, the quantum yield of the donor, relative orientation of the donor and acceptor transition dipoles, and the distance between the donor and the acceptor. Among these parameters, the distance which corresponds to 50% FRET efficiency is called the Förester (1948) distance. Typical Förester distances are around 50 Å , and FRET measurement is useful as a ruler that can be applied to the biological macromolecules which have the dimension comparable to the Förester distance (Stryer, 1978) . This technique has been successfully applied to probe the structural organization and the conformational states of biological molecular machines, such as RNA polymerase (Mekler et al, 2002) , myosin (Suzuki et al, 1998; Shih et al, 2000) , and kinesin (Rice et al, 1999) . Furthermore, recent technical advances in optical microscopy made it possible to measure FRETat the single-molecule level (singlepair FRET) in biologically relevant environments (Deniz et al, 2001; Ha, 2001 ). Single-pair FRET potentially gives more detailed information about the conformations of biological macromolecules, since the heterogeneity in the population, which may exist, can be directly examined. Single-pair FRET has been successfully applied to the ribozyme (Zhuang et al, 2000) , SNARE complex (Weninger et al, 2003) , F-ATPase/ synthase (Yasuda et al, 2003; Diez et al, 2004) , and so on. In this study, we applied this technique to probe the conformational states of the subunit F in the V 1 complex.
A mutant subunit F (A55C, H89C) was randomly labeled with Cy3 and Cy5 and reconstituted into the V 1 complex (A 3 B 3 DF). FRET between single pairs of Cy3 (a donor) and Cy5 (an acceptor) was then measured. The distance between the residues Ala-55 and His-89 in the crystal structure of the retracted and the extended subunit F molecules is 24 and 61 Å , respectively. Since the typical Förester distance (the distance which exhibits 50% FRET efficiency) is around 50 Å (Ha, 2001 ), a large difference in the FRET efficiency between the retracted and the extended conformations was expected. When the donor was selectively excited at 532 nm, roughly 30-40% of the total spots appeared in the acceptor channel. Recovery of the donor fluorescence concomitant with photobleaching of the acceptor, or simultaneous disappearance of the donor and acceptor spots due to photo-bleaching of the donor, indicated single-pair FRET (data not shown). This result also strongly supports the idea that only a single copy of subunit F exists in one V 1 complex. As illustrated in Figure 4 , most pairs exhibited high FRET efficiency (around 95%) in the absence of nucleotide. The Förester distance of the FRET pair in our study was calculated to be in the range of 40-72 Å (see Material and methods), where 95% efficiency corresponds to the distance of 24-44 Å . These results support the idea that residue Ala-55 is in the proximity of residue His-89 in the V 1 complex. The addition of ADP or AMP-PNP does not affect the FRET efficiency ( Figure 4B and C). These results clearly indicate that, in the complex, subunit F is found in the retracted conformation both in the absence of nucleotide or in the presence of a nonhydrolysable nucleotide. However, in the presence of ATP, a significant population of the pairs shows much lower FRET efficiency, indicating that subunit F molecules in some of the complexes are in the extended conformation ( Figure 4A ). Since this is not observed with ADP or AMP-PNP, it is likely that this conformational change is coupled to hydrolysis of ATP. When the same experiment was performed using another doublelabeled mutant (V2C, A55C), where the distance between two residues is constant (32 Å ) for both retracted and extended forms, the addition of ATP did not cause any change in fluorescence transfer efficiency ( Figure 4E and F) . This result further supports the idea that observed change represents the transition between the retracted and extended forms of subunit F in the complex.
It has been shown that the subcomplex A 3 B 3 DF rotates faster than the subcomplex A 3 B 3 D; thus, subunit F is clearly related to the rotation efficiency of the prokaryotic V-ATPase complex . In the F-ATPase from Bacillus stearothermophilus PS3, the C-terminal helix of the e subunit shows an 'up' and 'down' conformational change that is regulated by nucleotide binding (Suzuki et al, 2003) . Although the structure and function of subunit F are quite different from the e subunit, subunit F is located at a similar position as the e subunit. It is possible that subunit F regulates the activity of A 3 B 3 D minimum rotor unit due to the nucleotide-induced conformational change like e subunit. The physiological importance of this conformational change in subunit F in the presence of ATP is not clear. However, the structural similarity of subunit F to CheY leads us to speculate that this subunit may have a regulatory role in the rotation of the V-ATPase. In eukaryotic V-ATPase, Armbrü ster et al (2005) reported that subunit C possesses a low-affinity ATP-binding site, suggesting that the activity of the eukaryotic V-ATPase might be controlled by nucleotide binding to the subunit. Further studies are necessary to understand the role of nucleotide binding to these regulatory subunits and the conformational changes in V-ATPases.
Covalent crosslinking of subunit F using 4-(N-maleimido) benzophenone (MBP)
To identify the location of subunit F relative to the other subunits in the holoenzyme, we produced seven site-directed cysteine mutants of subunit F and one of subunit C and performed crosslinking experiments using the photoactivatable crosslinker MBP. In the presence of MBP, these introduced cysteine residues are crosslinked to an adjacent residue by UV irradiation. A unique cysteine residue was introduced at Glu-13, Ala-21, Ala-48, Ala-55, Pro-58, Ala-80 of subunit F, and Thr-105 of subunit C. For three of the seven mutants, we obtained crosslinked products, which were immunostained using anti-subunit C or F antibodies ( Figure 5) . A faint band stained by anti-F was seen for F/A48C, but this crosslinked product was not reproducible. Crosslinked products for Thr-105 (subunit C) and Glu-13 (subunit F) had a molecular mass of 50 kDa, and showed crossreactivity with both antisubunit F and C antibodies, indicating that these residues are at the interface of subunits C and F. These results clearly indicate that the 'active site' of the subunit F is facing subunit C, which is a part of the V 0 domain. Single-molecular analysis and reconstitution experiments clearly indicated that subunit F bound peripherally to subunit D (Xu et al, 1999; Imamura et al, 2003 Imamura et al, , 2004 . The crosslinked product for Ala-80 of subunit F has a molecular mass of 38 kDa ( Figure 5 ). Taken together, it is reasonable to conclude that the crosslinked product of 38 kDa is composed of subunits F (12 kDa) and D (25 kDa), and thus strand b4 in subunit F might be facing subunit D.
Location of subunit F in the holoenzyme
Subunit F is part of the central stalk of the V-ATPase. As the crosslinking study shows, this subunit is associated with subunit C, which has a socket-like structure in the V 0 domain. The position of subunit C was determined in previous studies and is based on the results of the EM single-particle analysis and the crosslinking experiments (Iwata et al, 2004) . These results indicate that subunit C caps the pore that runs through the center of the rotor (subunit L ring) of the V 0 domain on the V 1 -ATPase side ( Figure 6A ). The location of subunit C is also supported by the structure of the V-ATPase from Enterococcus hirae (Murata et al, 2005) . In the electron density maps of the prokaryotic V-ATPase from T. thermophilus (Bernal and Stock, 2004) , there is a bulge attached to the density of subunit C on the V 1 side ( Figure 6A and B) . The results of the crosslinking experiments strongly suggest that subunit F should be located within this density.
We have modeled the T. thermophilus subunit F structure into the EM density together with subunit C, the a 3 b 3 g subcomplex of bovine F 1 -ATPase (PDB entry 1E79) ( Figure 6A ). The a 3 b 3 g F 1 -ATPase subcomplex is equivalent to the A 3 B 3 D subcomplex of the V-ATPase. Although there is no clear sequence homology between the subunit D of the V-ATPase and subunit g of the F-ATPase, subunit D is predicted to have two long a helices, and it is likely that it shares a similar overall structure as that of the g subunit of the F 1 -ATPase. In the fitted model, subunit F is located in a similar position as the e subunit of the F 1 -ATPase. This model corresponds to the results of the crosslinking experiments as follows: Glu-13, which is in the 'active site' of subunit F, and Thr-105 of subunit C are placed at the interface between subunits C and F and residue Ala-80 of subunit F is placed at the interface between subunits D and F ( Figure 6C ). In this orientation, the subunit D docking site in subunit F is presumably at the equivalent position to the FliM docking site of CheY ( Figure 3A) . Therefore, the potential subunit docking sites of subunit F elucidated from the similarity to CheY seem to be used for the subunit assembly of the V-ATPase. In this model, the 'active site' of subunit F is facing the direction of subunit C. It is possible that the 'active site' of subunit F, which is a part of the V 0 -V 1 domain interface, might play an important role in the regulatory mechanism that results in the reversible dissociation of the V 1 domain from the V 0 domain in vivo. We also tried to fit the extended structure of subunit F to the density ( Figure 6D ). Although the structure does not fit the density, the modeling results show that the C-terminal domain can extend far enough to interact with the subunits A and D, which might be important for the regulatory function of this subunit.
Materials and methods

Protein preparation and crystallization
Subunit F was expressed and purified as described previously Iwata et al, 2004) . The subunit F used for crystallization was concentrated to 20 mg/ml in a solution containing 20 mM MOPS, pH 8.0, and 100 mM KCl and stored at À801C until use. Crystallization trials were performed using the hanging drop vapor diffusion technique. A volume of 1 ml of protein solution was mixed with 1 ml of reservoir solution (0.1 M MES, pH 5.6, 0.2 M calcium acetate, 30% (v/v) PEG 400) and left to equilibrate at 201C. Crystals reached maximum dimensions of 0.1 Â0.2 Â 0.03 mm 3 within 2 weeks. Prior to freezing, the crystals were transferred into a cryo-solution containing 34% (w/v) PEG 400, 20 mM MOPS, pH 8.0, 100 mM KCl, 0.1 M MES, pH 5.6, and 0.2 M calcium acetate. The crystals diffracted X-rays beyond 2.1 Å . The crystals belong to the orthorhombic space group P2 1 2 1 2 with cell dimensions of a ¼ 81.7 Å , b ¼ 138.3 Å , and c ¼ 66.1 Å . The crystallographic asymmetric unit contains six subunit F molecules.
Data collection and structure determination
A MAD data set was collected using an ADSC Quantum 210 CCD detector at the European Synchrotron Radiation Facility (ESRF) beamline ID14-4. A high-resolution data set was collected using a Mar165 CCD detector at the Swiss Light Source (SLS) beamline X06SA. All data sets were collected from frozen crystals at 100 K. Wavelengths for optimal data collection were determined by an absorption edge scan using a single crystal. Image data were processed using the HKL program package (Otwinowski and Minor, 1997) . The structure of subunit F was determined by the MAD technique using 12 Se sites in the asymmetric unit. Se sites were determined using the program SnB (Weeks and Miller, 1999) . The CCP4 program suite (CCP4, 1994) was used for the phasing and density modification. Initial phases were calculated to 3.0 Å using the program MLPHARE (Otwinowski, 1991) with an overall figure of merit of 0.47, and were extended to 2.2 Å with the program DM using solvent flattening, histogram matching and averaging options (Cowtan, 1994) . The map after phase extension was readily interpretable. Automated model building in combination with phase extension to 2.2 Å was performed using the ARP/wARP program Figure 5 Crosslinking of subunit F and other subunits of the V-ATPase using the photoactivatable sulfhydryl reagent MBP. Western blot using an anti-F antibody (upper) or anti-C antibody (lower). All mutants (mutations are indicated in the figure) are based on the cysteine-less mutant of the subunit (DC). Each of the isolated mutant V-ATPases (50 mg of protein) was incubated in the presence ( þ ) or absence (À) of 1 mM MBP and subjected to 15% SDS-PAGE. Indicated to the left of the panel are the molecular masses estimated from molecular marker proteins.
suite (Perrakis et al, 1997) . The program suite was able to place 87 of 654 residues with R cryst of 29% and R free of 59%. The rest of the protein residues and the cofactors were modeled manually using the program O (Jones et al, 1991) . Further refinement, including water molecule placement, was performed using the programs ARP (Perrakis et al, 1997) and Refmac 5 with TLS refinement (Murshudov et al, 1999) . Subunit F is composed of two domains and the relative orientations of these two domains are slightly different in all six subunit F molecules in the asymmetric unit. Therefore, a modest NCS restraint between the six molecules was applied separately for the N-and C-terminal domains. The r.m.s. deviation of the C a positions for the six superimposed N-terminal domains is B0.95 and B0.76 Å for the C-terminal domains. The current R-factor and R free is 21.4 and 26.2%, respectively. The model contains 654 residues, 306 water molecules, and four Ca ions (four subunit F molecules are associated with a Ca ion and two are Ca free). The refinement statistics and the model stereochemistry are summarized in Table II .
The slightly high free-R factor is due to the disorder of the C-terminal domain, which is shown to be mobile in the FRET Figure 6 A model of V-ATPase. (A) Fitting of the known X-ray coordinates was carried out using the electron density map of the V-ATPase that was determined by single-particle analysis (mention two different contour levels). Subunit F (green) is shown with the subunit L ring model (Iwata et al, 2004) . Bovine mitochondrial F 1 -ATPase a 3 b 3 (blue and magenta) g (orange) complex (PDB ID 1E79; Gibbons et al, 2000) and the subunit C (red) (PDB ID 1R5Z; Iwata et al, 2004) experiments. Owing to this disorder, the effective resolution of the region is lower than the nominal resolution and the model is therefore less accurate in this region (Supplementary Figure 1) .
Mutagenesis and crosslinking experiment
For crosslinking experiments, mutations (A-His 8 -tags/DCys or /C-T105C or /F-E13C or /F-A21C or /F-A48C or /F-A55C or /F-P58C or /F-A80C) were introduced into the atp operon of the T. thermophilus genomic DNA using the integration vector system (Tamakoshi et al, 1997 (Tamakoshi et al, , 1998 (Tamakoshi et al, , 1999 . The mutated V-ATPases were solubilized from the membranes of recombinant T. thermophilus at 0.7 mg/ml in a buffer containing 20 mM Tris-Cl, pH 8.0, 0.1 mM EDTA, and 0.05% Triton X-100. Crosslinking experiments using 4-(N-maleimido)benzophenone (MBP) were carried out as described previously (Iwata et al, 2004) . The crosslink formation was analyzed by 15% (w/v) SDS-PAGE and by Western blot analysis using anti-subunit C or F antibody.
Single-pair FRET
To probe the conformations of the subunit F in V 1 by single-pair FRET, two mutant F subunits (V2C/A55C or A55C/H89C) and A 3 B 3 D (A-His 8 -tags/DCys/A-S232A/A-T235S) were prepared. The expression and purification of subunit F and the A 3 B 3 D complex were carried out as described previously . The mutant F subunit was incubated in buffer A (20 mM MOPS, pH 7.0, 100 mM NaCl) with 10 mM each of Cy3-and Cy5-maleimide (Amersham Biosciences). In this condition, the introduced cysteine residues are randomly labeled by Cy3-or Cy5-maleimide. After a 60-min incubation at 251C, excess reagent was removed on a PD-10 gel filtration column that had been equilibrated with buffer A. An excess of the double-labeled subunit F was incubated with A 3 B 3 D for 60 min at 251C, and then passed through a Superdex 200 HR column (Amersham Biosciences) equilibrated with buffer A to remove free subunit F. The labeled subunit F was reconstituted into a V 1 complex with the A 3 B 3 D complex as well as wild-type subunit F, and the reconstituted complex generally exhibited the same range of ATPase activity (30 s À1 ) as wild-type V 1 complex (35 s À1 ). Single-pair FRET was measured under an objective-type total internal reflection fluorescence microscope (for the detailed instrumental setup, see Supplementary Figure 2 ). The donor dye (Cy3) was excited at 532 nm and fluorescence from the donor and acceptor dyes was simultaneously imaged using dual-view optics at a video rate of 30 frames/s (Kinosita et al, 1991) . The effect of various nucleotides was examined as follows. The labeled V 1 (E10 pM) in buffer B (50 mM Tris-Cl, pH 8.0, 100 mM NaCl, 2 mM MgCl 2 ) was infused into a flow chamber constructed of two coverslips separated by E50 mm spacers. After a 1-min infusion, unbound V 1 was washed out with 20 volumes of buffer B containing the indicated nucleotides and oxygen-scavenging system (6 mg/ ml glucose, 0.036 mg/ml catalase, 0.22 mg/ml glucose oxidase, and 0.5% 2-mercaptoethanol). Under ATP hydrolysis conditions, a regenerating system (5 mM phosphoenolpyruvate and 0.2 mg/ml pyruvate kinase) was supplemented. All observations were carried out at room temperature (24-261C). FRET efficiency was calculated with the equation, I A (t)/[I D (t) þ I A (t)], where I D (t) and I A (t) are the fluorescence intensities of the single donor and acceptor pair at time t, after background intensities near the pair were subtracted, respectively. To generate the histograms shown in Figure 5 , the median value of the FRET efficiency for each pair, calculated at each video frame, was used.
Estimation of the Förester distance and the distance between FRET pairs
The Förester distance was calculated using the quantum yield of Cy3 (0.18, 0.22, and 0.24 for F/V2C, F/A55C, and F/H89C, respectively), the overlap integral between Cy3 and Cy5 (7.2 Â10 À13 M À1 cm 3 ), the refractive index of water (1.33), and assuming the value of the orientation factor as 2/3 (expected value when the relative orientation of the donor and acceptor transition dipoles is dynamically randomized during the excited state lifetime of the donor). As a result, the Förester distance was 5571 Å . The steadystate fluorescence anisotropies of Cy3 were 0.34, 0.34, and 0.28 for F/V2C, F/A55C, and F/H89C, respectively, and those of Cy5 were 0.32, 0.31, and 0.34, respectively. These anisotropies yield a maximum range of 0.1-3.2 for orientation factor for the combination of F/55C-Cy3 and F/89C-Cy5 (Dale et al, 1979) . This range corresponds to a À27% (40 Å ) to þ 30% (72 Å ) maximum uncertainty in the Förester distance. Furthermore, note that Cy3 and Cy5 conjugated with cysteine residues have a linker of B10 Å from the fluorophore to the cysteine sulfur.
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